Transient arrest of the cerebral blood circula tion results in neuronal cell death in selectively vulnera ble regions of the rat brain. To elucidate further the in volvement of glial cells in this pathology, we have studied the temporal and spatial distribution pattern of activated microglial cells in several regions of the ischemic rat brain. Transient global ischemia was produced in rats by 30 min of a four-vessel occlusion. Survival times were 1, 3, and 7 days after the ischemic injury. The microglial reaction was studied immunocytochemically using sev eral monoclonal antibodies, e.g., against CR3 comple ment receptor and major histocompatibility complex (MHC) antigens. Two recently produced monoclonal an tibodies against rat microglial cells, designated MUC 101 and 102, were also used to identify microglial cells. Fol lowing ischemia, the microglial reaction was correlated Transient arrest of the cerebral blood circulation leads to neuronal damage in selectively vulnerable regions of the CNS. Pyramidal neurons of the CAl area in the hippocampus, neocortical neurons in the layers III, V, and VI, as well as neurons in the dorsolateral striatum are most vulnerable to tran sient ischemia (Spielmeyer, 1925; Scholz, 1953; Brown and Brierley, 1972; Pulsinelli et aI., 1982a,b; Schmidt-Kastner and Rossmann, 1988; Schmidt Kastner and Freund, 1991) . In contrast, there are other neurons, e.g., CA3 pyramidal cells, that are comparatively resistant to transient ischemia (Schmidt-Kastner and Rossmann, 1988). The criti-
with the development of neuronal damage. The earliest presence of activated microglial cells was observed in the dorsolateral striatum, the CAl area, and the dentate hilus of the dorsal hippocampus. However, the microglial re action was not confined to areas showing selective neu ronal damage, but also occurred in regions that are rather resistant to ischemia, such as the CA3 area. Particularly in the frontoparietal cortex, the appearance of MHC class II-positive microglial cells provided an early indication of the subsequent distribution pattern of neuronal damage. The microglial reaction would thus seem to be an early, sensitive, and reliable marker for the occurrence of neu ronal damage in ischemia. Key Words: Ischemia-Major histocompatibility complex antigens-Microglia-Neu ronal cell death-Selective vulnerability. cal period of time to attain neuronal cell death var ies from 3 to 24 h, e.g., in the dentate hilus or in the dorsolateral striatum, and from 24 to 72 h, e.g., in the CA 1 area (Pulsinelli et aI., 1982a; Kirino et aI., 1984; Schmidt-Kastner and Rossmann, 1988) .
Unlike neurons, glial cells survive a transient ischemic episode. The resulting neuropathological status is therefore defined as selective neuronal ne crosis (Brierley and Brown, 1982; Petito et aI., 1982; Brierley and Graham, 1984; Pulsinelli, 1985; Schmidt-Kastner et aI., 1990) . Moreover, the sur viving glial cells eventually give rise to a prominent gliosis, known in clinical neuropathology as hippo campal sclerosis (Spielmeyer, 1927; Brierley and Graham, 1984) . Astrocyte hypertrophy, as studied by increases in glial fibrillary acidic protein (GFAP), has been documented in the hippocampus following ischemia (Petito and Babiak, 1982; DeLeo et aI., 1987; Petito et aI., 1990; Schmidt-Kastner et aI., 1990) . In contrast, there is less information about the involvement of microglial cells in hypox-iafischemia-induced neuronal degeneration except for their role as phagocytic cells (Brierley and Brown, 1982) .
Resting microglial cells are widely distributed throughout the CNS comprising between 5 and 20% of the total glial population (Perry and Gordon, 1988; Lawson et aI., 1990; Peters et aI., 1991) . Com pared with other glial cells, i.e., astrocytes or oli godendrocytes, they are most rapidly activated in response to even subtle pathological stimuli (Kreutzberg, 1966; Blinzinger and Kreutzberg, 1968; Matsumoto et aI., 1980; Lassmann et aI., 1986; McGeer et aI., 1988; Streit et aI., 1988; Kreutzberg et aI., 1989; Gehrmann et aI., 1991a,b) . The activation of microglial cells is apparent through changes in their morphology, immunophe notype, migration, and proliferation (for review see Streit et aI., 1988; Kreutzberg et aI., 1989; Graeber and Streit, 1990) .
In the present investigation, we have studied im munocytochemically the microglial reaction in sev eral regions of the ischemic rat brain, including the striatum, the dorsal hippocampus, the thalamus, the substantia nigra, and the neocortex. Global isch emia was induced in rats by 30 min of a modified version of the four-vessel occlusion technique (Schmidt-Kastner et aI., 1989) . Survival times were 1, 3, and 7 days. Microglial cells were identified by means of monoclonal antibodies that are estab lished microglial markers, such as the OX-42 anti body, recognizing the CR3 complement receptor (Robinson et aI., 1986; Graeber et aI., 1988) . These were supplemented by two recently produced monoclonal antibodies against rat microglial cells, designated MUC (murine clone) 101 and 102 (Gehr mann and Kreutzberg, 1990, 1991) .
MATERIALS AND METHODS

Surgery and tissue collection
Global ischemia was produced for 30 min by a modifi cation of the four-vessel occlusion model of Pulsinelli and Brierley (1979) as previously described (Schmidt-Kastner et aI., 1989) . Male Wistar rats weighing between 220 and 350 g were anesthetized with halothane/nitrous oxide and subjected to four-vessel occlusion. On the first day both vertebral arteries were coagulated. On the following day both common carotid arteries were exposed and occluded for 30-min duration after stabilization of physiological pa rameters with continuous EEG recording. Only animals with complete EEG flattening upon vascular occlusion were classified as ischemic and used for the study. After 30 min of occlusion, clips were removed and free blood circulation through the carotid arteries was ascertained by microscopic examination. Three animals per time point were killed at 1, 3, and 7 days after the ischemic injury. One sham-operated animal and one nonoperated control animal per time point were used as controls. In J Cereb Blood Flow Me/ab, Vol. 12, No.2, 1992 sham-operated animals the vertebral arteries were coag ulated and the carotid arteries were exposed, but not oc cluded. Animals were killed by decapitation under deep pentobarbital anesthesia, and the brains were rapidly re moved and frozen in isopentane that had been precooled in liquid nitrogen to between -50 and 60°C. Frontal cryo stat sections (20 !Lm) of the striatum, the dorsal hippo campus containing the ventral thalamus and parts of the frontoparietal cortex, the substantia nigra, and the cere bellum containing the deep cerebellar nuclei were col lected on gelatin-coated glass slides and used for immu nocytochemistry.
In each animal the extent of neuronal damage was con firmed by conventional histology with cresyl violet (Nissl) and hematoxylin-eosin (HE) stains.
Immunocytochemistry
The following mouse monoclonal antibodies were used for the immunocytochemical study (antibody dilutions in 0.01 M phosphate-buffered saline are given in parenthe ses): MRC OX-42 (1:6,400), recognizing the rat CR3 com plement receptor (Robinson et aI., 1986) ; MRC OX-6 (1 :6,400), directed against major histocompatibility com plex (MHC) class II antigens (McMaster and Williams, 1979) ; MRC OX-18 (1:1,600), directed against MHC class I antigens (Fukumoto et aI., 1982) ; the W3/25 antibody (1 :6,400), originally described as directed only against T-cells (Williams et aI., 1977) but that was later shown to also recognize an epitope of the rat CD4 antigen (Perry and Gordon, 1987); EDI 0:6,400), a pan monocyte/ macrophage marker (Dijkstra et aI., 1985) ; the W3/13 an tibody (1:1,600), a pan T-Iymphocyte marker (Williams et aI., 1977) [all the above antibodies obtained from Serotec, U.K.]; MUC 101 0:1,600), recognizing two proteins of 116 and 95 kDa on rat microglia Kreutzberg, 1990, 1991) ; MUC 1020:1,000), recognizing two proteins of 62 and 70 kDa on rat microglia Kreutzberg, 1990, 1991) ; a mouse monoclonal anti body against GF AP (1: 1 ,0(0) (Clone G A5; Boehringer Mannheim, F.R.G.); and a mouse monoclonal antibody against vimentin (1:100) (code no. M725; Dako, Ham burg, F.R.G.).
Cryostat sections were fixed in 3.7% formalin for 5 min followed by acetone (50% for 2 min, 100% for 2 min, 50% for 2 min) at room temperature. The sections were then rehydrated in 0.01 M Tris-buffered saline, pH 7.4, for 5 min followed by 0.01 M Tris-buffered saline containing 0.1 % bovine serum albumin for 5 min. After blocking of the sections with 2% normal horse serum (Dako) for 30 min, they were incubated with the above monoclonal an tibodies overnight at 4°C. Subsequent antibody detection was carried out using a biotinylated horse anti-mouse sec ondary antibody (Serotec, Oxford, U.K.) and the Vecta stain ABC-Elite kit (Vector Labs., Burlingame, CA, U.S.A.) with 3,3'-diaminobenzidine as peroxidase sub strate. Selected sections were then counterstained with cresyl violet. Immunocytochemical controls included omission of the primary antibody or replacement of the primary antibody by an irrelevant antibody of the same IgG subclass.
RESULTS
OX-42 and MUC 102 stained resting, ramified mi croglial cells in both sham-operated controls and nonoperated control animals. MUC 101 stained some resting microglial cells mainly in the white matter and perivascular cells as previously de scribed Kreutzberg, 1990, 1991) . MHC class I antigen expression was restricted to the endothelium of blood capillaries in the normal brain. MHC class II antigen expression was consti tutively observed on meningeal cells, cells in the choroid plexus, and perivascular cells. In addition, a few ramified microglial cells in the white matter constitutively expressed MHC class II antigens. CD4 antigen expression was observed on meningeal and perivascular cells as well as on a few resident microglial cells in the white matter. ED 1 immuno reactivity was nearly absent from normal brain tis sue with the exception of a few perivascular cells.
In the Nissl-and HE-stained cryostat sections, neuronal damage was discernible in the dorsolateral striatum and in the dentate hilus of the dorsal hip pocampus 1 day after ischemia. Neurons appeared to be shrunken, their cytoplasm becoming markedly eosinophilic. From 3 days onward, there was a prominent loss of CAl pyramidal cells. After 7 days, neuronal damage was also observed in the t � ansi tion zone between CAl and CA3, probably corre sponding to CA2• In contrast, neuronal damage was not observed either in the CA3 area or in the mo lecular layer of the dentate gyrus. From 3 days on ward, neuronal damage was inconsistently ob served in the ventral part of the thalamus, and from 7 days onward in the frontoparietal cortex and in the substantia nigra.
The microglial reaction either paralleled the de velopment of neuronal damage or preceded it. It was characterized in general by an increased ex pression of cellular markers, such as the CR3 com plement receptor; a new expression of markers, such as MHC antigens, on microglial cells; in creases in the number of immunostained microglial cells; and morphological changes consistent with cellular hypertrophy.
Spatial and temporal distribution pattern of reactive microglial cells in several brain regions after ischemia
Hippocampus. In the control, dorsal hippocam pus, MUC 102 and OX-42 stained resting microglial cells with a uniform distribution ( Fig. la) . Some perivascular cells and a few resting microglial cells were positive for MHC class II antigens in the nor mal hippocampus (Fig. Ie) . One day after ischemia the staining intensity of OX-42, MUC 101-, and MUC 102-positive microglial cells was increased particularly in the dentate hilus and in CAl (Fig.  Ib) . In the dentate hilus, the microglial reaction was pronounced in the central and subgranular portion in agreement with the distribution of neuronal dam age. In the CAl area, MUC 101-, 102-, and OX-42positive microglial cells were slightly more conspic uous in the stratum oriens (Figs. Ib and 2a). Mi croglial cells in CAl were also positive for MHC class I and II antigens ( Fig. It) . MHC class II positive microglial cells, however, were equally dis tributed throughout the stratum oriens and the stra tum pyramidale (Fig. 2b) .
The staining intensity and the number of OX-42, MUC 101-, MUC 102-, and MHC antigen-positive microglial cells further increased in the dentate hilus and CAl from day 1 onward ( Fig. lc and g) . The appearance of MUC 101-, 102-, and OX-42positive cells was no longer accentuated in the stra tum oriens 3 days after ischemia ( Fig. 2c ). They were also observed in the stratum pyramidale, the stratum radiatum, and the stratum lacunosum mo leculare. From 3 days after ischemia onward, the microglial reaction was particularly prominent in the stratum pyramidale and lacunosum moleculare ( Fig. lc, d , g, and h). The transition zone between CAl and CA3, most likely corresponding to CA2 (for comparison see Schmidt-Kastner and Hossmann, 1988) , revealed a conspicuous change from in creased microglial cell density in CAl to an almost normal staining in CA3 ( Figs. 1 c and g and 2d) .
The strongest microglial staining was observed after 7 days ( Fig. Id and h) . Reactive microglial cells, all positive for MUC 101, MUC 102, OX-42, and MHC antigens, were observed in the dentate hilus, in CAl and CA2, and furthermore in CA3 ( Fig.  Id and h) . In particular, the presence of MHC class II antigen-positive microglial cells indicated a con spicuous microglial reaction in CA3 in the absence of detectable neuronal damage (Fig. Ih) . In contrast to CA3, the stratum moleculare of the dentate gyrus did not show a microglial reaction at any survival period following ischemia (Fig. 1 ). In addition to the above-given cellular markers, reactive microglial cells in CAl also expressed the CD4 antigen and the ED I determinant after 7 days. In contrast to the surface staining of the other antibodies, e. g. , MUC 102, ED I immunoreactivity had a granular appear ance. Infiltrating W3/13-positive T -lymphocytes were not detected in the ischemic rat brain (data not shown).
From 3 days after ischemia onward, immuno stained microglial cells assumed an almost ameboid morphology with stout processes in the ischemic hippocampus distinct from the stellate morphology of resting microglial cells with slender processes ei ther in the control hippocampus or in the ischemic hippocampus 1 day after ischemia (cf. Fig. 2a and b and Fig. 2c and d) . . After 3 days, MUC 102 immunoreactivity is no longer accentuated in the stratum oriens. Immunostained microglial celis, however, show a vertical rod cell arrangement (c ) . MHC class 11expressing celis appear as stout, almost ameboid cells. Furthermore, OX-6 immunoreactivity reveals a sharp contrast in staining intensity between CA1 and CA3. PYR, stratum pyramidale; RAD, stratum radiatum.
ward, reactive microglial cells in the CAl pyramidal cell layer also showed a defined polarity in the di rection of the proximal dendrites of pyramidal cells projecting into the stratum radiatum (Fig. 2c) .
In contrast to the early microglial reaction, astro cyte hypertrophy, as evaluated by GFAP immuno cytochemistry, occurred later, i.e., from 3 days on ward in CAl' In contrast to the distribution of mi croglial cells, there were no regional differences in the distribution of GFAP-positive astrocytes in the different layers of CAl' Seven days after ischemia, hypertrophic, GFAP-positive astrocytes appeared to be equally distributed throughout the entire CAl' At this time, astrocytes also expressed the interme diate filament protein vimentin, as previously de scribed (Schmidt-Kastner et aI., 1990) (data not shown).
Striatum. From 1 day after ischemia onward, a strong microglial reaction was observed in the dor solateral striatum. Reactive microglial cells showed an increased staining intensity with the MUC 101, MUC 102, and OX-42 antibodies and were further more positive for MHC antigens (Fig. 3 ). After 7 days some microglial cells also expressed the CD4 antigen.
Thalamus. A microglial reaction was observed in the thalamus from day 1 after ischemia onward ( Fig.  4a and b ). This microglial reaction was most prom inent in the ventral part of the thalamus 3 days after ischemia. Reactive microglial cells had the same im munophenotype as microglial cells in other brain regions, e.g., in the hippocampus and in the stria tum.
Substantia nigra. A conspicuous microglial reac tion was observed from day 3 onward ( Fig. 4c and  d) , whereas conventional histology revealed only slight neuronal damage after 7 days.
Septal nuclei. From 3 days after ischemia on ward, a microglial reaction occurred also in the sep tal nuclei with an immunophenotype similar to that of microglial cells in the other regions.
Corpus callosum and other white matter areas.
In the corpus callosum, particularly adjacent to CAl' an increased staining intensity of MUC 101-, MUC 102-, and OX-42-positive microglial cells was observed from day 1 onward. Compared with the slender, resting microglial cells in normal white matter, microglial cells in the corpus callosum after ischemia appeared to be hypertrophic.
Moreover, the number of MHC antigen expressing cells was considerably increased. A few resting microglial cells constitutively expressed MHC class II antigens, particularly in the normal white matter, as previously described (Vass and Lassmann, 1990; Gehrmann et aI., 1991a) . Mi croglial cells also increased particularly MHC class II antigen expression in the white matter ( Fig. 4e and D. Increased MHC class II antigen expression, however, was not limited to the corpus callosum adjacent to the severely damaged hippocampus, but was similarly observed in regions remote from areas of neuronal damage. In the white matter of the cer ebellum, for example, MHC class II antigen expres sion was induced on resting microglial cells in the absence of neuronal damage of adjacent neurons, e.g., the Purkinje cells. , and the white matter of the cerebellum (e and f) 3 days after ischemia, counterstained with cresyl violet. Original magnification, x180. MHC class II molecules are newly expressed by stout, ramified microglial cells in both the thalamus and the substantia nigra after ischemia (b and d ) compared with controls (a and c ) . In the white matter, a few resting microglial cells express MHC class II molecules already under normal conditions (e). After ischemia MHC class II expression is strongly increased on microglial cells in the white matter (f).
Cortex. From day 1 onward, MHC class II anti gen expression was induced on microglial cells in the frontoparietal cortex (Fig. 5 ). MHC class II positive microglial cells showed two distribution patterns. They were frequently arranged in horizon tal lamellae, mostly in the cortical layer III (Fig.  5a ). In addition, the distribution pattern of MHC class II-positive cells occasionally took the shape of cortical columns (Fig. 5b ). Both the staining in tensity and the number of MHC class II antigen-expressing cells further increased until 7 days after ischemia. In contrast to MHC class II expression, the staining intensity and number of MUC 101-, MUC 102-, and OX-42-stained microglial cells were increased only to a small extent in the cortex after ischemia.
DISCUSSION
The present study revealed a rapid and differen tial microglial reaction in response to transient isch- emia. The modified four-vessel occlusion technique of Pulsinelli and Brierley (1979) served as a well characterized and reliable model of ischemia (for comparison see Pulsinelli et aI., 1982a,b; Schmidt Kastner and Rossmann, 1988; Schmidt-Kastner et J Cereb Blood Flow Metab, Vol. 12, No.2, 1992 aI., 1989 Schmidt-Kastner and Freund, 1991) . In addition, the astrocyte response in the ischemic hip pocampus has previously been investigated in one of the laboratories involved in this study (Schmidt Kastner et aI., 1990) .
Microglial activation in response to neuronal damage
A rapid microglial reaction occurred in parallel with the early onset of neuronal damage, e.g., in the striatum and in the dentate hilus. In other regions, e.g., the ventral thalamus and the CAl area, the microglial reaction slightly preceded the manifesta tion of neuronal cell death. In addition, there were microglial reactions in regions without almost any neuronal damage, such as the CA3, or with a very delayed neuronal damage, e.g., in the substantia ni gra. Microglial cells showed an increased expres sion of cellular markers such as the MUC 101-and the MUC 102 determinant and the CR3 complement receptor, recognized by the OX-42 antibody. These cellular markers are already found on resting mi croglial cells and are known to be increased on ac tivated microglial cells in other pathologies (Grae ber et aI., 1988; Kreutzberg, 1990, 1991; Gehrmann et aI., 1991a,b) . Other markers that are almost absent from resting microglial cells, such as MHC antigens, were newly expressed on microglial cells after ischemia. This increased MHC antigen expression occurred in the absence of T -lymphocyte infiltration. As previously suggested (for comparison see Streit et aI., 1989a,b) , in creased MHC antigen expression would thus indi cate a general state of microglial activation rather than their activation as truly antigen-presenting cells within the context of a T-cell-mediated im mune process. In addition, microglial cells under went several morphological changes, taking on an ameboid-like morphology. The vertical alignment of microglial cells in the CAl area resembled the mor phology of the previously described rod cells in hyp oxia/ischemia (Brierley and Brown, 1982) . From day 3 onward, the number of immunostained microglial cells also increased. Proliferation, presumably of microglial cells but only to a small extent of astro cytes, has indeed been shown in a recent eH]thy midine study in this model (Petito et aI., 1990) . The increased cellular marker expression, the morpho logical changes, and the proliferation indicate that microglial cells rapidly transform from a resting to an activated state in response to transient ischemia.
Both the time course of the microglial reaction and the distribution pattern of activated microglial cells correlated to some extent with the develop ment of neuronal cell death. This correlation was particularly evident in the striatum, the dentate hilus, and, to a lesser extent, the CAl' MUC 101-, MUC 102-, and OX-42-positive microglial cells in CAl were first prominent in the stratum oriens. Three days after ischemia they were almost equally distributed in the different layers of CAl' This ac-centuation of the stratum oriens, however, was not detected with stainings for MHC antigens. MHC class II-positive microglial cells were present in equal numbers in the stratum oriens and in the stra tum pyramidale. The different staining patterns ob tained with the MUC 101, MUC 102, OX-42, and OX-6 antibodies could reflect an antigen heteroge neity of activated microglial cells as suggested by recent studies in other pathologies Kreutzberg, 1990, 1991; Gehrmann et aI., 1991a,b) . In addition, the accentuation of the microglial reac tion of certain layers in the CAl could also be patho physiologically relevant for the selective vulnerabil ity of CAl pyramidal neurons (see below). In other regions, such as the thalamus, the neocortex, and the substantia nigra, the microglial reaction pre ceded the manifestation of neuronal damage. The appearance of activated, MHC class II-positive mi croglial cells, particularly in the neocortex, indi cated at an early stage the subsequent distribution pattern of neuronal damage. The concentration of activated microglial cells in layer III (for compari son see Fig. 5a ) is presumably related to the selec tive vulnerability of cortical neurons. The arrange ment of activated microglial cells in columns (for comparison see Fig. 5b ), however, could result as well from both retrograde and anterograde reac tions induced in the neocortex by early neuronal cell death in the corresponding thalamic nuclei. Similar mechanisms are thought to be responsible for the microglial reactions observed in other mod els of cortical or thalamic injury (Konno et aI., 1989; Gehrmann et aI., 1991b) . Ischemic neuronal damage can otherwise be visualized only by silver impreg nation techniques in the neocortex (Lin et aI., 1990) . Further evidence for the early activation of microglial cells in ischemia has emerged from a re cent study on local ischemic lesions of the rat brain. Increased binding of a ligand selective for periph eral-type benzodiazepine binding sites was demon strated on ED I-positive mononuclear phagocytes, but not on astrocytes at an early stage after the ischemic injury (Myers et aI., 1991) . Taken to gether, the microglial reaction appears to be an early and sensitive marker of neuronal damage in ischemia. The present results question to some ex tent the original neuropathological concept accord ing to which the microglial reaction in hypoxial ischemia takes place after the neurons have been irreversibly damaged (for review see Brierley and Graham, 1984) .
Possible stimuli of microglial activation in ischemia
According to previous studies, intrinsic micro glial cells rather slowly transform into rod cells (Stabchenzellen) in ischemia and at a further stage into truly phagocytic cells, designated lipid phago cytes, which then remove the myelin and neuronal debris (Brierley and Brown, 1982; Brierley and Gra ham, 1984) .
In the present study the early appearance of ac tivated microglial cells seemed to precede the im minent degeneration of neurons, e.g., in CAl' Neu ronal cell death in the CAl area fully develops be tween 2 and 4 days after ischemia (Schmidt-Kastner and Hossmann, 1988) . The microglial activation in areas either with delayed neuronal cell death or even without neuronal cell death, such as in CA3, is intriguing. In contrast to CAl, CA3 is relatively spared by the ischemic injury. CA3 neurons survive ischemia and display only minor morphological al terations revealed by detailed examination (Schmidt-Kastner and Hossmann, 1988) . In the cryostat material used in this study, neuronal dam age was not conspicuous in CA3, although this does not exclude the possibility of some damage other wise detectable only in perfusion-fixed tissue. Man ifest neuronal cell death, however, cannot be the only stimulus for the early microglial activation in ischemia. Ultrastructural alterations, including the disintegration of cytoskeletal proteins (Yamamoto et aI., 1986) , synaptic membrane changes (Diemer and von Lubitz, 1983; von Lubitz and Diemer, 1983) , and pathological accumulations of endoplas mic cisternae (Kirino and Sano, 1984) , precede the appearance of neuronal cell loss. Some of these ul trastructural changes, in particular the membrane changes described by von Lubitz and Diemer (1983) , could indeed be specific to irreversibly dam aged neurons, e.g., CAl pyramidal cells, while oth ers, e.g., cytoskeletal changes, also occur in neu rons that recover from transient ischemia, e.g., CA3 neurons (Petito and Pulsinelli, 1984) . In addition, the injured neurons undergo early metabolic changes, such as decreased protein synthesis and altered polyamine metabolism (Bodsch and Taka hashi, 1985; Thilmann et aI., 1986; Paschen et aI., 1987) . These changes occur within periods of min utes to a few hours and could be sufficient to induce a rapid microglial reaction. When neuronal cell death develops later, microglial cells then transform into true brain macrophages phagocytosing the neu ronal debris. The phagocytic capacity of microglial cells has been demonstrated in recent in vivo and in vitro studies of experimental neuropathologies other than hypoxia/ischemia (Streit and Kreutz berg, 1988; Rieske et aI., 1989; Gehrmann et aI. , 1991b) . All these studies confirm the original con cept of del Rio-Hortega (1932) that microglial cells can act as phagocytic cells.
J Cereb Blood Flow Metab, Vol. 12, No.2, 1992 Two further mechanisms could contribute to the rapid microglial activation. These rather involve the signaling between injured neurons and microglial cells: (a) In vitro microglial cells can be induced to proliferate in response to cytokines, such as inter leukins and colony-stimulating factors (Frei et aI., 1987; Giulian and Ingemann, 1988; Suzumura et aI., 1990) . Interleukin-3 mRNA, for example, is present in mouse hippocampal neurons as demonstrated by in situ hybridization (Farrar et aI., 1989) . Although the precise role of such growth factors in microglial proliferation and activation remains to be estab lished in vivo, the release of such cytokines by the injured neurons could play a role in the microglial activation prior to neuronal cell death. (b) Selective vulnerability is associated with an enhanced electri cal activity of CA I neurons (Suzuki et aI., 1983) as well as that of several excitatory afferents, such as the glutamatergic Schaffer collaterals (Johansen et aI., 1984) . In vitro, microglial cells, however, dis play a potassium channel pattern that makes them sensitive to depolarizing events in contrast to other glial cells, including astrocytes (Kettenmann et aI., 1990) . Although the potassium channel pattern of microglial cells is not yet established in vivo, early depolarizations of ischemic neurons lead to tran sient changes in the extracellular potassium concen trations, which in turn could activate microglial cells. Transient increases in the extracellular potas sium levels (Suzuki et aI., 1985) as well as early neuronal depolarization have indeed been reported in the CAl of the ischemic gerbil hippocampus (Su zuki et aI., 1983) . Such early depolarizations could bear some importance for the microglial reaction in the stratum oriens 1 day after the ischemia. A higher percentage of interneurons in the stratum oriens .indeed survives ischemia than CAl pyrami dal cells in both the rat (Johansen et aI., 1983) and the gerbil (Bonnekoh et aI., 1990) .
Finally, the general activation of microglial cells in white matter areas cannot be directly related to neuronal damage. There is evidence that diffuse ax onal damage in the white matter areas precedes the neuronal destruction in the gray matter (Brierley and Graham, 1984) . Hirano et ai. (1967) showed that the earliest axonal alterations, i.e., swelling of axon cylinders, occur within 1-2 h after ischemia. In creased MHC class II antigen expression could thus indicate the rapid activation of microglial cells in response to even mild axonal damage. The associ ation of activated microglial cells with diffuse ax onal damage would also explain the occurrence of activated microglial cells in areas remote from neu ronal damage, such as in the cerebellum. Taken to gether, the early microglial activation appears to involve several cellular mechanisms other than those related primarily to the phagocytic stimulus of neuronal cell death.
Functional role of microglial reaction in ischemia
Although the precise functions of microglial cells are not yet fully understood, they could play a piv otal role in the development of tissue damage in ischemia by virtue of the release of cytokines, for example, interleukin-l, or other mediators, such as reactive oxygen radicals and proteinases (Giulian and Lachman, 1985; Colton and Gilbert, 1987; Giulian, 1987; Giulian et aI., 1990; Banati et aI., 1991) . In fact, previous investigations have demon strated that ischemia stimulates the release of po tentially cytotoxic mediators, such as proteases and free radicals (Raichle, 1983; Pope and Nixon, 1984; Meldrum, 1985; Chen et aI., 1986) . Several lines of evidence support the assumption that activated mi croglial cells could mediate tissue responses to isch emic injury: (a) according to the results of this study, activated microglial cells appear in the vul nerable CNS regions either prior to or in parallel with the development of neuronal damage; (b) acti vated microglial cells could be capable of cell killing either by mechanisms involving direct cell-cell con tacts or by the release of potentially cytotoxic sub stances (Frei et aI., 1987; Giulian et aI., 1990; Banati et aI., 1991) ; (c) inhibition of the cytotoxic and phagocytic activity of microglial cells by drugs such as chloroquine leads to an improvement in the neu rological functions of rabbits submitted to spinal cord ischemia (Giulian and Robertson, 1990); (d) the administration of interleukin-l leads to the in duction of antioxidant enzyme activity and reduces myocardial tissue damage in rats submitted to myo cardial ischemia (Brown et aI., 1990) ; (e) as sug gested by this study as well as another preliminary report (Jensen et aI., 1990) , the microglial activation precedes that of astrocytes in ischemia. Thus, pep tides released by activated microglial cells could in tum induce astrocyte hypertrophy. A similar mech anism has already been proposed for the sequential activation of microglial cells and astrocytes in the deafferented dentate gyrus (Fagan and Gage, 1990; Gehrmann et aI., 1991b) .
The present study does not identify the mecha nisms by which activated microglial cells contribute to the tissue damage in ischemia. However, in view of their early and differential activation in ischemia, microglial cells could play a crucial role in the se quence of pathological changes that eventually lead to the status of selective neuronal necrosis.
